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VOLUM',IETRýIC FŽ~ B~E 1EI k\ 1C 'IP 21 T2 O ITRIC7
C I , ND NIT-•-.

C:-Uforncia. Institute c• Ichnolotv

ABS• RAC T

The otLide3 of nitroqcen are potentit•y -iszful _-s cx.dciants in special

fuel systernt. >ixQfres nitri oxke and nltro- en Cioxide are par-

tic,ularly prornising because of the loevý •rQeeing point which results

from the addition of small quantities of nitric oxide to nitrogen dioxide.

A knowledge of the volmrnetric and phase behavior of -nixtures of nitric

ot4_ and zntr~oen dioxide is of utility in the desijr of equipment for

th4rag and delivery of these cornp-ounds to coitbustion equipment.

-'The ap4si:o1tions of the coexisting phases of mnixtures of nitric ox-

ida And nitro~en dioxide were established throughout the two-phase region

for t•mnperatures above 70P F. and for compositions containing more

thn 0. 80 -weight fractkon of nitrogen dioxide. The specific volumes of

the Iiqld and gas phases of rnlxtireos of these oxides were deterrnlned

at te•mperatures between 40F. -nd 30 F..for praurea up to 7. CC

pounds per square Inch. The results are ;resented in tabalar and graph-

ical form.

The bubble point pressure of mixtures of thefe oxides of nitrogen

containilg as much as ., 2 weight fraction of nitric oxide is below 300

poumds per square inch at 1600 F. Such pressrtrcs are low enough to

permit che use of conventional means of storage and handling of the
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r ri<tures of the oxides of nitrogen under -ost cdliratic condlitions.

The specif,.c volurme changes almost linearly with isobaric-Isotherynal

change in cormposition in both the liquid and the gas phases, thus per.

rlttting ready interpolation of th* results to aty desired corrpolitdio

withi Lhe range of investigation. The data obtained are consistent

w'th measurements already avtilable for the volumetric a"d phase be-

h,raior of the pure components.

(TMe abstract is intended for publicadon in a se-parate s-ecton of the

fr.raM)•
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VOLUMMETRIC AND PHASE BEHAVIOR CF MLXTURES ;F NITRIC
OXLDE AND NITROGEN DIOXUDE

F. T. $ellecr,, H. H. Reamner, and B. H. Sage

California Institute of Technology
Pasadena, California

tNTRCDUCTTON

The phase behavior of mixtures of nitthc oxide and nitrogen dioxide

has not been stuadied at elevated pressures. tpstein and Cirkova U)

det-armined the two •phase pressures of nixture. of these oxides of

nitrogen containing as much as 0. 38 n•ight fraction of eitric oxide at

temperatures between 680 F. and 1400 F. for preosuree below Z4C

pounds per square inch. The compositkos of the ntztures investiga-

ted were related to the earlier measurements of Enume and Robert WO

who st4di4 this binary system at temperatures below 480 r. Witto r

l9 jdeterni.ned the linits of solubility of nitric oxide in nitrogen dioxide

in tha saxme razge of temperature as was reported by baurne and Robert.

Purcell and Cheesmas (21 measured the solubility at nitric oxide La

nitrogen dioxide at temperatures below sic F. for prees.res less tbiba

68 pou-nds per square inch, Whittaker and coworker. (17) determidned

the two-pase pressure for six mixtures of nitric oxdde and nitrogen dl-

o Cafor compositions containig up to 0. 169 eight fraction al nitric

oxide. The measurements were made at temperatures between -40 and

590 F. Their resvti are in reas•nable agreement with those of Baurie

TM Robe-t att

The effect of pressure &ad temnperature upon the specific volume of



the components has been investigated in some detail. Brincr ard co-

workers (24 established the volurretric behavic'r of nitric oxide at low

temperatures Lnd Johnston and Weirner (6) determined the iecond virial

coefficient at temperatures up to 700 F. for press-tres belcw one atrmos

phere. Recently the volumetric behavior of this corround was studied

at pressures up to 2, 50u pounds per square Inch for temperatures between

40 &nd Z-C F.), (4).

Verhoek saud Daniels (16)and Mittasch and coworkers (,L determined

the volumetric behavior of nitrogen dioxde in the gaseous region for

temperatures below 113o F, Scheffer and Treub U3) measured the vapor

pressure nf this compound up to the critica temperature Recently addi-

tional measurements have extended the knowledge of the volumetric be-

havior of the liquid and gas phases of this compound to temperatures of

3400 F. and pressures up to 7,000 pounds per square inch (10 121. Kobe

and Penngton LD recently reviewed the therrnochemlcdl characteristics

of rntrogan and its odde•.

The present measurements are concerned with the volumetric be-

havior of 15 mlxtures of nitric oxide and nitrogen dioxide at compositions

containing as m'ich as 0. 2 weight fraction nitric oxide at pressures up to

7, 000 pounds per square inch in the temperature interval between 400 and

340o r. Tour )f the" mixtures were investigated in detalU and the re-

mairder were studied throughout the indicated ternperature interval at

nearly a single pecific volume. The dew point md bubble point states

for four rnixtures were deterrined as a fu.ncton of ternmperat-ire.
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METHODS

The methods empluyed in this Investigation were similar to those

described earlier for the study of the voL-metric behavior of nitrogen

dioxide (10• _j. In principle, they involved the contain .nent of the mix-

ture In a spherical pressure vessel (10Q. The pressure within this vessel

was determined by means of a pressure balance (l1) which was connected

to the vessel through a liquid-flUed tube terrr~nat.Ln at the sphere with

a staltnlss steel diaphragm (10, 13). This balance was calibrated ageAnst

the vapor pressure of carbon diomide tt the ice point. The pressures

were established within 0. z pound per square Inch or 0, l%,whichever

mea•ure yielded the larger uncertainty.

The pressure vessel was if-meersed ia an agitatsed temperature-con-

t"roled bath of a silicone and the temperature was measured by mea&s

of a platmim resistance thermometr which had beat compared recently

with a similar instrutrint calibrated by the National Bureau of StaLiards,

These comparisons were made with such care and the ternperatirre of

the bath•was so steady that the temperature within the wrking vessel

ya known relative to the internatlonal platlnuri scale with a probable

trror of 0. 03o J.

The weight of each of the components was determined gravimetrically

by the use of weighing bomb tachbiq-tes _U11. The total quantity of sample

originally introducd was establisbaed with a probable error of not more

tan 0. 03% aad the compositiozs of tbe mixtures, wre known witL &

standard error of 0. OO 1Z mole frac-t1o. After each set of measure,

rrnvts aof a sequence of corresponding pressures and temperatures, a

portion of the sample was withdrawn at a state in the single-pha-e region
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and another seq aence of pressures and temperatures was then detor-

rined. A total of fromn five to ten series of such measurerments were

made with each of the four nmItures. In the end the entire sample was

withdrawn and the cumulative weights of the mixture removed were

cornp-ared with the original weight. In each case it was found that the

-eight of the oxides of i-trogen withdrawn agreed wit.in 0. 1% with that

added, Such agreement was one more IndcadLon of the relatively sm-al

umcertairnty in the weights of the materiaiz Ivzlved in the several sets of

measurements.

Phase bo~tadnies for the mnixtures %oe established (torn discouta.

titLes of the presoure -tmpenrature derLntvee which occurred at these

poants. The specific volume of the "MsneB at each of the states inns.

tigated was detera~tnd ftrom the wetg& of thes material withiz the pres .

sure nesel sad the toa volume d tb4 4c is. The latter value was

establies•ed from calibrations with a kwoow weight of Uqidd water at

relatively low pressures for a series of temperatures. The studAes of

Sn-dth uad Keyes W) were employed to determine the specific volume of

water as & functicn of pressure sad tamperatura.' The chanjes in volume

of the coztainer with pressure &ad tperature were ascertain.d from

the tbermal ezpues sad Young's nodulus of th steeL The sp'wrical

shape and nearly utfom wall -.tickasis permitted ths shafnes in

volume to be establisbed with accuracy. Excellent agreen-te was

ontaed between the variation in v*Lme of the pressure vessel with

tenperaflre establbshod from the caibratio• with water and that pre-

dicted from tbe thermal expandioa of the steel. Devtadtou of Ps rnuch
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as. 15 in the vin-rre of the spherical press .re vessel at

pressures above 7, O00 pounds per square inch were found between

the values established from the volurretric bDehv-ivor of water (15) and

those predicted from Youngs's iod.lus of the steel and the volurne oV

the vessel it low pressures. In the present study the specific volumes

of the mixtures were bsecd upon the total volur-re of the pressure vessel

at ?0 F. Ltd amospharic pressure and the properties of the steel. It

is believed that the specific volumes were known with a standard error

of 0. 18% tbroughout the ranges of pressure Anid temperature investigated.

MATERIALS

The nitric oide utilized in this work was obtained from The ?ath.

eson Co. snd wna purified by the reothod described by Johnston and

Glauque (L., imvlvIng absorption of impurities and subsequent frac-

tionation sad sublmatlsa. The specifIc eight of a sample of the puri-

fied gas at atmoeteric pressure indicated that It probably contained

laes than 0. 002 weight fraction of material other than nitric oxide. The

nitrogen dioxie, obtained from the Alied Chemincal &ad Dye Corp., was

purifi•d by fractionation at atmospheric pressure in a glass colurn con-

tainIng 16 plates. The frActIonation was carried out at a reflux ratio

of 10 &ad the middle 60% of the overhead was retained for finl puri-

fica-oc. This par.lIly puifted material was passed over phosphorous

pentott at a presaure of one atmosphere and condensed at the ternp-

eracmre of liquid nitrogen at a pressure below 0. 001 incn of mercury.

The vapor pressure of the purifted nitrogen dloxide was in good agree -



ment with e,.-rlier values (.13). It is believed t,.: it contaitiec ies

than 0. OC': weight fraction of -.m ttrial other thin nitrogen diotiC, The

ourifled samples of the oxides f nitrogen were stored at pres-ures higher

than atmosplheric in stainless steel containers until used,

EXrERIMENTAL RESULTS

Typical sets of pressure-temperature rneasuretrentl for mixtures

containing 0. S312 and 0. 8205 weight fractions of ntrogen dloxde are

shown in Fig-urea I and 2 respectively. Figure 1 presents data for the

gaseous region, where4s those in Yriure 2 relate to the liquid region.

The deta in the heterogeneous region have been omitted in the interest

of clarity. The pressure .tenperature diqram of Filtie 3 portrays

on a somewhAt larger sca~e the behavior, near the boundaries of the

haterogeneous region, of a mixture c"taLnl4 0. 943 1 weIght fracdon

of nitrogen dlodde. The precision of t*e data chown is typical of that

obtalned in this study. A sss of four such sets of measurements to-

gether with measurements for & single pressure-temperature sequence

with each of 11 mixtures formed the experimental basis for the present

results. A detailed record of the e"periment&l determinations is avail-

able (14). A sample of this information constitutes Table I in which

the pressure, temperature, and specific volume have been recorded for

each of tha states investigated. Because of the small chAnge in totd

volume of the bomb with Yarying conditions, a corresponding change In

the specific volume of thq sample recurs. In Figures 1, 2, and 3 h74
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average specific vnrre for each of the Preseire-terrperature se-

quences his been Cepicted,

Fig ire 4 presents the compressibility fxctor as a function of pres-

sure for a mixture containing 0, 8312 weight fr--ctaon of nitrogen dioxlde.

The values of the compressibility factor were computed in +he following

way: "?VM* "IV

H r ' 3_ (1)

The constAnts in Equiation I were based upon &n atomic weight of ri-

trogen of 14. 008 tnd an atomic weight of oxygen of 16. 000 which cot -

respond to the valYes recommended in a tabuLation of atomnic weights

181). A value of the uziversal gas constant of 10. 13185 (lb. per sq. in.)

(cu. ft. per Lb. mole) per OR. was employed. Table U records the values

of the specific volutre and conpresstibility factor for five evenly spaced

com:positions within the range of the conditions which were covered in

the investigation, using even values of pressire and termnprature. The

effect ofcomposItion urun tMe specific volume of this system In the liquid

phase at a temnperature of 160o F. is shown i.n Figure 5. Figure 6 presents

A compressibility factor-composition diagramn for a ten-perAture of 280 0 1. ,

including dAta at low pressures.

Figure 7 is a pressure-composition diagrar for the bubble point Liqu-d

and dew poizt gas for the lower terpers•ures, The curves hive been ex-

tended only over ths range of compositonsn for wvich experimentadl reas-

uremoents were obtained. The comnpositions of the gas phase coexisting



with liquid reported by Purcell .nd Cheesnian (9) were interpolated

to 400 y'. and were takar. ito account in the prepardtion of this dIa-

•r afT,.

Fig-re & depicts the pressure .cornpoaition relations for the higher

temrperatures. The behavior is much simpler for temperatures above

100' F, and the data may be interpolated with but snall uncertainty,

Table III records the properties of the coexisting liquid and gas phases

as a fuctlon of pressuire and ternm*ratre. The information recorded

in this t atation was obt&ined by graphical interpolation of the volumetric

measuremnents available.
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NONSENC IATUHX

b specific gas constant

M* average molecular ieight

P pressure, lb. /sq. inch absolute

a unvers.l gas constant

T absolute te1nperature, OR

V specific volume, cit4 ft. /lb.

Z coznpressibtUty factor



FIGURES

1. Pressure-Temperature Diagram for a N*'ixture Containing 0. 6314Z
Weight Fractio. Nitrogen Diodide.

L. Pressure -Temperature D-agrsmrn for a Mixture Containing 0. 8205
Weight Traction Nitrogen Dioxide,

3. Behavior of a Mixture Containg 0. 9431 Weigbt Fraction Nitrogen
Dioxide in the Ieterogeneoua Region.

4. Compressibility Factor for a Aiture Containing 0. 831Z Weight
Traction Nitrogen Dioxide.

5. Specific Volumne-Cornpouition Diagram for a Temnperature of
1600 W.

6. Effect of Composition upo= Compressibility Fractor at Z80 r.

7. Pressur.Comosltico Dtagrssn for the Lower Temperatures,

8, Pressure.-Cormpotition Diagaram for he H.ig•)•: Temperatures.
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TABLES

I. Sample of ExperimentaI Results

I.Volumetric Behavior of ttrxtures of the Nitric Oxide -Nitrogen
Dioxide Systemn

It.Properties of t-he Coexisting Phases in the Nitric Oxide-Nitrogen
Dioxide Systern.
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TA3LE IlI

T-RCPERT1ES OF THE C FKAS _ THE "ITRIC CYWE-DNITROCEN
DICXIDE SYSTEN

Pres,,e ,ei~h: Fr~.ctio: Specific Volume,
Lb. 7 q. Inch Nitroien Dio -dde Cu, Ft. !Lb.

Absolute Dc , t: ýbb;le Point D w F oint Bubble Point

1.5 . 0(00t 1, (CC0 K 155 0. C, 1034

8. C C( 745 0. '956 0, 010ý34

9. C, (". 6C15 (: 9931 -, C01C34
10, C C, 762 0. 99C7 0. 01. 35

15. 0. 9770 C. C (.3S
2C.0 0C. 95U8 0. C 01(41
25,0 0.9274 0. C1047

1000 F

30. 73 1. Cot0o I. C0I C.0 _. 5190 0. 01143?
35, c 0.9454 0, 958 0. 011449
40,0 0.8845 0, 99C1 0.011461

45, c 0. 6272 0. 9832 04 01 1479
50.0 0. 1700 0.9750 0. 01150,0
60, C 0.9504r- 0, 011557

70.0 0. 9073 0. C 11635
80. C 0,8421 0, 011750
90.0 0, 770C1 0.1161

16 00 F.

11 .a 1. 00(C0 1.000 , 7733 O.01218

I20.0 0.97C1 0. 920 0.01Ž21I
130. 0 0.9329 0. 8&iL- 0, 011239
140.0 0, 8670 0. 9729 0. 01L2S.4

150.0 0. 8311 0.9625 0 _. 01 290
175,0 0, 9354 C0; 012336
200. C 0.9052 9 0. 0124ZZ

225.0 0C. 714 0.012489

z50. C 0. 8331 0.QW1Z 553

275.0 C. 7E67 0.01Ž6ZZ

Vapor pressure of nitrogen doxid

bDew p-oA: volumnes are tLtrnated



TABLE Z1<co)r.

P~rcssu e ¶eight Frai Speific Voiurre,

LS.q. Inch Nitrogen Diox--ze Cu. 't, Lb.
Pbsuluti Dew oioint Buble Poi nt fDew r-Point Bubble Point

332. a 1.0000 1. I00c O. Z743 0 013343
350, C. 9728 0. 9899 C..733b 0. 013373
375, C C.9319 0 9767 ., L654 0 01341:
40C. C 0.8 67 0. 9631 C.>566 0. 1346C0
425.0 C C8438 0. 9498 C A 457 0 0135C5

450, c 0,7978 0 9361 0G-334 0, 03Se4
500, c - 0 9091 0.013619
600. ( 0. 3549 0, C0751
700. 0 0,8003 0.0.013870

2600 F.

864. 1 a 1, 0000 .0000 0. (984 0.015924
900.0 0.9797 0 9884 0 . C9 6 8b 0. 015949
950,0 0.9518 0 .9730 0. C943 0. 015990

1000. c 0,9240 0 9575 0.0905 0.016037
1050.0 0.8959 0. 9426 0.(c900 CO, o6092
1100, 0 0,8678 0. 9282. 0, 856. ,01,6149
1200. c 0.8103 G. 9002 0.-E84C 0. c16282
1300.0 0 .8733 C, 016447

1400.0 C. 8467 0.016639
c 1500.0 :329s 0 67b0K/

K
I


